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Abstract 
We present a comprehensive study of thermoelastic damping (TED) in state-of-the-art MEMS gyroscopes with beam-like 
suspensions under varying ambient temperatures. Three different modeling approaches have been implemented in a standard 
software environment (COMSOL Multiphysics) and compared with respect to accuracy, consistency and feasibility for fast 
design studies. By applying all three approaches, temperature-dependent Q-factors calculated for various designs of interest show
congruent results proving the reliability of the simulations. Nevertheless, the theoretically determined values remain too high to 
explain the measured data by TED. As an additional result, it turned out that – under specific conditions – a simplified analytical 
model can be derived and applied successfully also to complex spring geometries, so as to produce a simple “rule of thumb” for 
first estimations and considerations in early stages of the design process.  
© 2009 Published by Elsevier Ltd. 
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1. Motivation 
Predictive calculations and a profound understanding of loss mechanisms are a prerequisite for robust design of 
dynamically operated MEMS structures such as gyroscopes and MEMS resonators. In order to ensure high 
sensitivity, MEMS gyroscopes are encapsulated under low ambient pressure in order to reduce viscous damping to a 
minimum. Thus, other damping mechanisms, such as thermoelastic damping (TED), anchor loss or surface loss 
come to the fore [1]. Because of its high temperature dependence reported in [2], TED is of special interest to 
guarantee high quality factors over the required temperature range for automotive applications. In this work, we 
focus on thermoelastic damping in state-of-the-art gyroscope architectures with beam-like suspensions, which 
exhibit a strong temperature-dependent Q-factor under low ambient pressure conditions. Since TED cannot be 
measured independently from other damping mechanisms, three different FEM-based modeling approaches are 
pursued in order to assure the trustworthiness of the TED-related Q-factors. 
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2. Theory and modeling approaches 
The phenomenon of TED originates from the alternating strain in an oscillating structure, inducing temperature 
gradients due to an adiabatic volume change. Since the resulting heat flux is irreversible, the generated heat cannot 
be completely reclaimed by the mechanical oscillation and, thus, the resonating structure is damped significantly. 
This process is self-consistently described by the coupled thermo-mechanical system of equations shown in 
Fig. 1(a). In the following, three different approaches to solve the coupled system of equations are described in 
detail. 
Fully coupled approach 
For the fully coupled approach, illustrated in Fig. 1(b), the full system of equations is implemented in a FEM-
simulator including the complete bidirectional coupling. A complex thermo-mechanical modal analysis is carried 
out to extract the complex eigenvalue for the investigated oscillation mode. The Q-factor is obtained by calculating 
the ratio of imaginary to real part of the thermo-mechanical eigenvalue. This approach is described in detail in [3]. 
Since the full coupling is taken into account, this method offers the best accuracy and provides precise and quick 
results for simple device geometries. However, the memory consumption of the FEM simulator grows rapidly with 
increasing mesh points (4 DOF per mesh point), viz. with growing device complexity, and convergence problems 
may occur, if thermal and mechanical time scales differ widely; in this case, manual scaling of the dependent 
variables may be required.  
Weakly coupled approach 
Another way to solve the system of equations is to neglect thermal expansion, which is true under the assumption 
of weak coupling. The mechanical domain is simulated separately and the coupling to the thermal domain is 
accomplished by applying an analytic formula, comprising the mechanical deflection and a modal decomposition of 
the temperature [4]. The Q-factor can then be obtained by calculating the ratio of energy stored in the resonator and 
dissipated energy per cycle (see Fig. 1(c)), resulting in 
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where E is the Young’s modulus, Ȧ is the resonance frequency, Ĳn is the thermal decay constant of mode n and gn is 
the modal weighting factor. The benefit of this approach is that the contribution of each single thermal mode to TED 
is calculated in equation (1). Hence, parts of the structure with high impact on TED can be identified easily, which 
facilitates the fast estimation of potential damping reduction significantly and distinguishes this approach as best 
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Fig. 1.   (a) Fully coupled system of thermo-mechanical equations.   (b) Work flow of the fully coupled approach. 
(c) Work flow of the weakly coupled approach.   (d) Work flow of the thermal energy method                 
ȡ: mass density, u: displacement vector, c: elasticity tensor, Į: thermal expansion coefficient, Ȝ and ȝ: Lamé parameters,                  
T: temperature, Cp: specific heat capacity, ț: thermal conductivity and T0: ambient temperature. 
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suited for design optimization. But for complex geometries a rising number of thermal modes has to be considered, 
which can enlarge the simulation times undesirably. 
Thermal energy method 
The third approach, described in [5], again neglects the thermal expansion and solves the mechanical equation 
independently (see Fig. 1(d)). The resulting deformation is used as an internal heat source for a transient thermal 
analysis and the so obtained temperature distribution is used to extract the dissipated heat per cycle and the Q-factor. 
This method provides the most intuitive and transparent way to calculate TED, however, the insight gained into 
fundamental processes in not as high as with the previous approach.  
3. Results
In order to evaluate the consistency and accuracy of these methods and to avoid errors during implementation 
results for simple 2D test beams oscillating in the fundamental bending mode were compared (see Table 1). They 
agree very well and could be confirmed by the analytical model described in [6].  
Subsequently, we calculated temperature dependent Q-factors to analyze the TED in the commercial rotational 
gyroscope, illustrated in Fig. 2(a). Since TED only occurs in strained regions, it is sufficient to concentrate on the 
spring and its anchors. Therefore, the movable mass of the gyroscope is emulated by an additional rectangular mass 
attached to the movable anchor, which is used to adapt the resonance frequency of the model to the drive mode 
frequency of the gyroscope. The displacement in the drive mode oscillation and the resulting heat flux density, 
responsible for TED, is visualized in Fig. 3(b) and (c). The obtained Q-factors (weakly coupled approach) of the 
gyroscope, displayed in Fig. 3, show the expected high temperature dependence. However, the magnitude of the 
simulated Q-factors is too high to have a remarkable effect on the total Q-factor, which is in the order of 104. This 
leads us to the conclusion that the total Q-factor of the investigated gyroscope is not limited by TED, which means, 
the available measurements are not suited to verify the simulated TED-related Q-factors. 
A detailed view on Fig. 2(c) shows that maximum heat flux density and hence major loss occurs in the regions 
close to the anchors, resembling the situation in a simple beam with temperature gradients along the beam width. 
Thus, in equation (1) of the weakly coupled approach, all dominant thermal processes are governed by the same 
Table 1. Comparison of modeling approaches and analytical calculation for a 2D beam test structure.  
Test structure: 2D beam (clamped-clamped) QTED 
Analytical model [6] 7 374 
Fully coupled approach [3] 7 412 
Weakly coupled approach [4] 7 445 
Thermal energy method [5] 7 439 
(b)
(a) (c)
Fig. 2. (a) Geometry of an exemplary design of one of the rotational MEMS gyroscope variants under consideration: Anchors (red), springs (light 
blue), movable mass (dark blue). (b) Displacement of the gyroscope suspension in drive mode. (c) Heat flux density induced by deflection in 
drive mode effectuating the TED of the device. 
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decay constant Ĳ determined by the spring width b, and equation (1) may be simplified to eq. (2) below, which 
describes a model for rectangular beams developed by Zener [7-8]: 
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A comparison of the simulated Q-factors with the Zener model, presented in Fig. 4, demonstrates that this model can 
– under certain assumptions – be used even for more complex beam-like structures to get a quick estimation of the 
magnitude of TED. For the investigated structure the error made by the Zener model approximation is about 12%, 
whereas the major reason for the difference is caused by additional loss in the anchor regions, which is not covered 
by this simplified model. The Zener model illustrates clearly the dominating factors for TED, namely the 
mechanical resonance frequency Ȧ and the thermal decay constant Ĳ, which itself depends on the spring width b [9]. 
For the considered gyroscope further simplification is 
feasible due to the low resonance frequency (kHz) 
compared to the time constants of the thermal processes 
(MHz) (Ȧ << 1/Ĳ), which leads to  
 QTEDv1/(Ȧb2) (3) 
In conclusion, two parameters dominate the TED for 
gyroscopes with beam like suspensions: the resonance 
frequency Ȧ and the spring width b. Thus, if the trend of 
increasing resonance frequencies for automotive 
applications continues, increasing impact of TED can be 
expected in future gyroscope designs, since the spring 
widths cannot be made arbitrarily small. 
Fig. 3. Simulated temperature-dependent Q-factors of TED for the drive mode of the rotational gyroscope compared to the Zener model. 
4. Conclusions 
We investigated the impact of TED on commercial gyroscope structures by applying different approaches to 
calculate this effect. All three implemented modeling approaches show congruent simulation results for 2D test-
beams as well as for the investigated beam-like gyroscope structures, and the simulation results are confirmed by 
analytical calculations. For the investigated gyroscope designs, TED has only negligible impact on the overall 
damping, which is why these simulations cannot be confirmed by measurements. With the given assumptions, a 
quick estimation of TED in beam-like structures is enabled by the Zener model approximation. As critical design 
parameters affecting the TED the mechanical resonance frequency and the spring width have been identified.  
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